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Flavobacterium psychrophilum is the etiological agent of bacterial coldwater disease
and the rainbow trout fry syndrome in salmonid aquaculture worldwide. However,
there have been few studies into the capacity of F. psychrophilum to form biofilms
and how these cellular accretions differ from planktonic cells or how they affect
potential virulence. We evaluated the biofilm formation by three Chilean isolates of
F. psychrophilum (LM-02-Fp, LM-06-Fp, and LM-13-Fp) and two non-Chilean strains
(JIP02/86 and NCMB1947T), and compared biofilm and planktonic states to obtain
insights into expression differences of virulence- and biofilm-related genes (VBRGs).
Our findings are based on scanning confocal laser microscopy (SCLM) and LIVE/DEAD
staining, enzymatic reactions, reverse transcription-quantitative PCR (RT-qPCR) of genes
encoding putative virulence factors, and transcriptomes (RNA-Seq). The LM-02-Fp and
NCMB1947T strains were the strongest and weakest biofilm producers, respectively. The
strong-biofilm producer showed different physiological cell states distributed in different
layers of mature biofilms, whereas the NCMB1947T biofilms consisted of cells arranged
in a monolayer. WGA-binding exopolysaccharides would be the main components
of their corresponding extracellular matrices. Transcriptomes of F. psychrophilum
NCMB1947T and LM-02-Fp were clustered by state (biofilm vs. planktonic) rather than
by strain, indicating important state-dependent differences in gene expression. Analysis
of differentially expressed genes between states identified putative VBRGs involved in
polysaccharide biosynthesis, lateral gene transfer, membrane transport (e.g., for drugs
and Fe3+), sensory mechanisms, and adhesion, and indicated that about 60–100% of
VBRGs involved in these processes was significantly upregulated in the biofilm state.
Conversely, upregulated motility-related genes in the biofilm state were not identified,
whereas a lower fraction of proteolysis-related genes (33%) was upregulated in biofilms.
In summary, F. psychrophilum strains that produce different biofilm phenotypes show
global transcriptional activity in the mature biofilm state that differs significantly from their
planktonic counterparts. Also, different biofilm phenotypes share a genetic potential for
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virulence that is transcriptionally enhanced with respect to free-living cells. Our results
suggest that the F. psychrophilum biofilm lifestyle acts as a reservoir for a given set of
putative virulence factors, and recommend a deeper understanding of which could help
prevent recurring infections in salmonid farms.
Keywords: Flavobacterium psychrophilum, bacterial cold water disease, rainbow trout fry syndrome, atlantic
salmon, Oncorhynchus mykiss, virulence factors, biofilm formation, gene transcription
INTRODUCTION
Bacteria belonging to Flavobacterium spp. have life strategies
that allow them to thrive in a variety of environments. At least
four species are known to be pathogenic to fish (Bernardet
and Bowman, 2006), including Flavobacterium psychrophilum,
a Gram-negative and filamentous psychrophilic bacterium
responsible for bacterial coldwater disease (BCWD) and rainbow
trout fry syndrome (RTFS) in freshwater salmonid aquaculture
(e.g., Lorenzen et al., 1997), but also affects non-salmonid
freshwater fish (Elsayed et al., 2006; Verma and Prasad, 2014).
BCWD produces lesions on the skin along with fin and spinal
deformities in survivor fish, while RTFS is characterized by
producing lethargy, disorientation, lack appetite in adults, and
occasional epidermal lesions (Starliper, 2011). Since the first
description of the disease in farmed rainbow trout (Davis,
1946), F. psychrophilum has become one of the most detrimental
pathogens for global salmonid fish farming (Nematollahi et al.,
2003a), making the infected fish more vulnerable to viral diseases
(Evensen and Lorenzen, 1997; Avendaño-Herrera et al., 20091).
Completely sequenced chromosomes of F. psychrophilum
(10 at the time of this publication2) have revealed several
genes encoding proteins with a potential role in pathogenicity
(Duchaud et al., 2007). Castillo et al. (2016) recently reported
that F. psychrophilum harbors at least 3373 genes and a
core genome minimum of 1743 genes, with putative virulence
factors uniformly distributed among 11 isolates from different
sources and locations (Castillo et al., 2016). Remarkably, all
of these isolates show similar capacities to form biofilms,
with implications for their virulence and pathogenicity. Indeed,
biofilms are physiologically variable cell populations adhering
to an interface (usually solid-liquid) through an extracellular
polymeric substance that provides protection (e.g., against
therapeutic drugs and host defense mechanisms), facilitates cell-
to-cell communication (e.g., horizontal gene transfer), and acts
as a seed-bank for dissemination of pathogens (Flemming et al.,
2016).
Flavobacterium psychrophilum strains are known to attach
themselves to and can form biofilms on living surfaces of
fish bodies, spleen, gills, and eggs (Vatsos et al., 2001; Kondo
et al., 2002; Nematollahi et al., 2003b; Strepparava et al.,
2012), as well as on non-living surfaces such as polystyrene,
stainless steel, and glass (Högfors-Rönnholm et al., 2014; Ríos-
Castillo, 2014; Leyton et al., 2015), with possible involvement of
pilli-like structures (Morgan et al., 2009)1, adhesins (Duchaud
et al., 2007), and the O-polysaccharide (Papadopoulou et al.,
1https://colloque.inra.fr/flavobacterium2009_eng/Proceedings
2www.ncbi.nlm.nih.gov/genome/genomes/1589
2015). In addition, mature biofilms can develop resistance to
oxytetracycline and flumequine after a brief exposure to sub-
inhibitory concentrations of these drugs (Sundell and Wiklund,
2011). A study based on F. psychrophilum mutants with
defects in motility (Álvarez et al., 2006) reported that these
showed improved ability to form biofilms, although also with
lower levels of extracellular protease activity, virulence, and
cytotoxicity. Moreover, the adherence capacity of some virulent
F. psychrophilum strains could be an interface-specific skill
rather than virulence dependent (Møller et al., 2003), and hence
unrelated to virulence (Vatsos et al., 2001). Nevertheless, other
studies suggest a positive association between virulence and
biofilm formation (Nematollahi et al., 2003b; Högfors-Rönnholm
et al., 2014; Castillo et al., 2015). These apparent discrepancies
underline the need for more biofilm studies.
Therefore, more insights are needed into the ecology and
pathogenesis of F. psychrophilum to understand how this
microorganism triggers infection in fish. The aim of this
study was to characterize F. psychrophilum during biofilm
development and determine the potential virulence of this
phenotype (evaluated here through differential expression of
putative virulence genes). Our results are based on a comparison
of F. psychrophilum strains grown in biofilm and planktonic
states to gain insight into expression differences of virulence-
and biofilm-related genes (VBRGs). The results indicate that
F. psychrophilum strains that produce different types of biofilm
trigger a global transcriptional response in the biofilm mode that
differs substantially from that of the planktonic state, but not
among different strains. Moreover, different biofilm phenotypes
share a potential for virulence (here represented by a given set
of upregulated genes) that does not necessarily diminish with
respect to free-living cells, as has been speculated.
MATERIALS AND METHODS
Experimental Design and Methodological
Considerations
This study used three Chilean isolates of F. psychrophilum from
our private collection (LM-02-Fp, LM-06-Fp, and LM-13-Fp)
and two non-Chilean strains (JIP02/86 and NCMB1947T). The
Chilean strains have been described elsewhere (Solís et al.,
2015) and were isolated from the kidneys of clinically infected
rainbow trout (Oncorhynchus mykiss). The strain JIP02/86 was
isolated in France (Bernardet and Grimont, 1989), while the
NCMB1947T strain was purchased from the American Type
Culture Collection. The studied strains were confirmed as F.
psychrophilum by 16S rDNA-based PCR analysis (see details
below).
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All strains were evaluated with the crystal violet (CV)-
microtiter plate method to select strong and weak biofilm-
formers. The biofilm characterization implied a trade-off between
(1) samples collected at early stages of biofilm formation with
more viable cells but that may not have been representative of
those found in aquaculture settings, and (2) samples collected
from mature biofilms composed of physiologically variable cells
(i.e., active, inactive, and even dead), as would be expectable in
aquaculture settings. We choose the second option so a specific
point in time of maximum biofilm formation (i.e., 4-day-old
biofilms) was characterized and compared against planktonic
cells. The characterization was done by scanning confocal
laser microscopy (SCLM) coupled with LIVE/DEAD staining,
enzymatic profiling using a miniaturized reaction system, reverse
transcription-quantitative PCR (RT-qPCR) of seven specific
genes, and transcriptome sequencing (RNA-Seq) to investigate
the global shift patterns in gene expression with a focus on
VBRGs. In addition, detection of N-acyl homoserine lactones
(AHLs) in cell-free culture supernatants was performed by gas
chromatography-mass spectrometry. Since we could not obtain
RNA samples with a RNA integrity number (RIN) acceptable for
RNA-Seq from planktonic cells on 4-day-old biofilms (i.e., RIN
score ≥6.3 in the current study), RNA-Seq data derived from
these biofilms were compared with those generated from cultures
in the exponential growth phase (i.e., 2-day-old cultures). RIN
scores (which range between 1 and 10 for totally degraded and
intact RNA, respectively) higher than 6.0 are generally considered
acceptable for gene expression analysis (Takahashi et al., 2010;
Liu et al., 2015). A detailed description of the experimental
procedures is provided below.
Storage of Strains, Culture Conditions, and
AHLs Detection
For long-term storage of bacterial strains, log-phase cultures
grown in tryptone yeast extract salts medium (TYES; Holt et al.,
1993) were mixed with sterile glycerol (15%, final concentration)
and 1 mL aliquots were frozen at −80◦C in cryovials. All strains
were routinely cultured with agitation (150 rpm) at 17 ± 1◦C
in half-strength TYES, and with up to two subcultures removed
from the original stock at−80◦C.
All strains of F. psychrophilum and a positive control strain
for C6- to C12-AHLs production (Yersinia ruckeri CECT 955;
Kastbjerg et al., 2007) were cultured under the aforementioned
routine conditions and grown until the late exponential phase. A
1-mL aliquot was withdrawn from each culture and separately
inoculated in half-strength sterile TYES broth (50 mL) that
was then incubated for an additional 48 h. A standard
was prepared containing N-hexanoyl- and N-decanoyl-DL-
homoserine-lactones in 50 mL of half-strength sterile TYES (0.5
ng µL−1 of each AHL, final concentration; Sigma-Aldrich). Cell
cultures and standard (50 mL) were filtered through 0.22µm
(MS R© MCE Syringe Filters; Membrane solutions LLC, USA),
acidified with HCl 1 N (to pH= 2.0), and kept stirring (200 rpm)
overnight at room temperature. AHLs (in control and standard
samples) and presumptive AHLs (in F. psychrophilum samples)
were extracted with CH2Cl2 (3 × 100mL). The organic phase
was dried with anhydrous Na2SO4, filtered, and the solvent was
evaporated using a rotary evaporator (Heidolph, Germany). The
residues were dissolved in 0.5 mL of HPLC-grade acetonitrile
and stored at −20◦C until analysis by gas chromatography-mass
spectrometry (Shimadzu, GC-17A, GCMS-QP5050A; Shimadzu
Instruments, Columbia, MD). The GC was equipped with a fused
silica RTX-5 capillary column (30m× 0.25mm id, 0.25mm film,
Restek, Bellefonte, PA, USA). Helium was used as the carrier gas
and the GC was programmed from 60◦C for 2 min to increase to
270◦C at 10◦C/min. The injector temperature was set at 200◦C.
Mass spectra were acquired at 70 eV.
Biofilm Development
Strong and weak biofilm-forming strains were identified with the
CV-microtiter plate method (Niu and Gilbert, 2004), and one
representative strain of each category was selected for further
analysis. Briefly, 150µL aliquots of culture were inoculated in
quintuplicate for each strain into a 96-well microtiter polystyrene
plate (flat-bottom Corning Costar R© plates, NY, USA) at an
average density of 2.15 ± 0.83 × 107 CFU mL−1 (± SD).
As well, 150µL aliquots of sterile TYES broth (half-strength)
were added in quintuplicate as negative controls along with
the assayed strains. Four inoculated microplates were incubated
with agitation (40 rpm) at 17 ± 1◦C until they were processed
individually at 24-h intervals to evaluate biofilm development
over a 4-day period. To do so, inoculated and control wells
were emptied, washed (3X) with 200µL of sterile milli-Q water,
and stained with 180µL of CV solution (1% wt/vol, Winkler
chemistry) at room temperature (∼25◦C) for 15min. The CV
solution was then discarded and the wells were washed (4X)
with 200µL of sterile milli-Q water by repeated pipetting. The
microplate was turned upside down to dry at room temperature
for 15 min, and 180µL of absolute ethanol was added per well
for CV solubilization for 10–15 min. Biofilm formation was
determined by reading absorbance of solubilized CV at 585 nm
using a Tecan Microplate Reader (Infinite 200 PRO, Männedorf,
Switzerland) and the specific biofilm formation (SBF) index
proposed by Niu and Gilbert (2004):
SBF = (B− NC)/G
where B is the amount of ethanol-solubilized CV released from
biofilm cells, NC is the amount of ethanol-solubilized CV that
adhered to the polystyrene surfaces in negative controls, and G is
the absorbance of the cell supernatant.
The strongest and weakest biofilm producers (LM-02-Fp and
NCMB1947T strains, respectively) were also analyzed by the CV-
microplate technique with samplings every 48 h for a 12-days
period. In addition, the two strains were analyzed by classical
optical microscopy, for which purpose, both strains were grown
in half-strength TYES medium, and then inoculated into 6-
well microtiter plates (flat-bottom TPP R© plates, Switzerland)
by adding 1.8mL of culture per well in order to achieve an
average density per strain of 1.77 ± 0.46 × 107 CFU cm−2 (±
SD). Afterwards, a 5-cm2 sterile glass slide was placed in each
microplate well and then incubated with agitation (40 rpm) at 17
± 1◦C until slide collection and processing. A negative control
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consisting of a well containing 1.8mL of sterile medium and a
sterile glass slide was included in every microplate. Inoculated
slides were randomly collected every 24 h, while the negative
control slides were collected at the end of the total incubation
time. Once collected, all slides were dipped (3X) in sterile milli-
Q water, stained by immersion in a CV solution (1% wt/vol)
between 10 and 15 min, dipped again (3X) in sterile milli-Q
water, and left to air-dry at room temperature for 15 min before
microscopic observation. Ten microscopic fields were observed
per CV-stained slide under 1000X magnification on a Motic R©
BA410 Elite microscope (Ted Pella Inc., CA, USA).
SCLM of Strong and Weak Biofilms, and
Enzymatic Profiling of Planktonic and
Sessile Cells
Glass slides with 4-day-old biofilms were dipped (3X) in
chilled sterile milli-Q water and stained with the LIVE/DEAD
BacLightTM Bacterial Viability kit (Invitrogen, Molecular Probes,
Eugene, Oregon, USA) to determine the distribution of living and
dead or inactive cells in biofilm. A drop of mounting antifade oil
(Invitrogen) and a coverslip were placed on LIVE/DEAD-stained
slides for immediate microscopic observation, or alternatively,
stored at 4◦C in the dark until observation and imaging
(but no more than 30 min). Planktonic cells collected from
supernatants (300µL) surrounding 4-day-old biofilms were also
stained with the LIVE/DEAD kit following the manufacturer’s
recommendations, and 10µL were then placed on sterile slides
for mounting in the dark as previously described. LIVE/DEAD-
stained samples were observed through a Leica TCS SP5 II
spectral confocal microscope (Leica Microsystems Inc., Jena,
Germany), and the images were collected using the HCX PL
APO 100x/1.44 Oil CORR CS objective and Leica Confocal
software (version 2.6, Leica Inc.). The biofilm volume and
percentage of living and dead cells were quantified from collected
images using the ImageJ software package (Collins, 2007). Cells
with yellow-green and orange-red emissions were considered
as living and dead (or inactive) bacteria, respectively. Pearson’s
correlation coefficients between (1) expected proportions of
live:dead bacteria (i.e., 0:100, 10:90, 50:50, 90:10, and 100:0) in
cell suspensions prepared in accordance with the manufacturer’s
instructions (except that dead cells were prepared by an overnight
formaldehyde-fixation, 10% v/v), and (2) empirical proportions
of live: dead cells in the respective suspensions as determined
by microscopic counting, indicated that the LIVE/DEAD kit
is consistent to detect the contrasting physiological states in
F. psychrophilum LM-02-Fp (r = 0.9966, P < 0.005) and
NCMB1947T (r = 0.9969, P < 0.005).
To detect specific components of the exopolysaccharide
(EPS) matrix and embedded cells in mature biofilms, 4-day-
old biofilms were fixed in chilled methanol for 15 min, dipped
(1X) in sterile milli-Q water, air-dried at room temperature,
and stained with fluorophore-conjugated lectins and DAPI
(4′,6-diamidino-2-phenylindole, Sigma-Aldrich) in accordance
with the providers’ specifications. The lectins used were FITC-
conjugated concanavalin A (ConA, 100µg mL−1; Sigma-
Aldrich) and Alexa fluor 488-conjugated wheat germ agglutinin
(WGA, 5µg mL−1; Invitrogen). A drop of mounting medium
(Dako, Invitrogen) and a coverslip were placed on fluor-stained
slides for subsequent observation and imaging of the EPS matrix
and cells. The images were collected as previously described, and
at least 10 microscopic fields were analyzed per sample.
The phenotypic features of 4-day-old biofilms and their
respective planktonic cells were determined by enzymatic
profiling with the miniaturized API ZYM R© system in accordance
with the manufacturer’s directions (API-BioMerieux, La Balme-
les-Grottes, France). To do so, 6 and 12 glass slides were collected
from each experiment of strong and weak biofilm formation,
respectively, washed (3X) by dipping in chilled sterile milli-Q
water, and then scraped for cell detachment with sterile cell
scrapers. Detached cells from strong and weak biofilms were
separately concentrated in 1 mL of chilled sterile milli-Q water,
and turbidity was adjusted to 3.0 McFarland for API ZYM assays.
The efficiency of cell detachment was checked by microscopic
observation of scraped slides that were stained with a CV solution
(1%w/v), and compared with CV-stained slides from the negative
controls. In addition, free-living cells in supernatants of strong
and weak biofilms were harvested by centrifugation (7,800 rpm)
at 4◦C for 2.5min. The resultant cell pellets were washed (1X)
with chilled sterile milli-Q water and then separately resuspended
in 1mL of the same solvent at a density of 3.0 McFarland for API
ZYM assays.
Extraction of Total RNA and RT-qpcr
RNA isolation from planktonic and biofilm samples of the LM-
02-Fp and NCMB1947T strains was done with the TRIzol R©
MaxTM Bacterial RNA Isolation Kit (Ambion, Thermo Fisher
Scientific, NY, USA). Planktonic cells in 4-day-old biofilm
supernatants and 2-day-old cultures (1 mL) were harvested
by centrifugation (7,800 rpm) at 4◦C for 2.5 min, and each
pellet of cells was homogenized and lysed with 1 mL of TRIzol
reagent, according to the manufacturer’s specifications. On the
other hand, glass slides with 4-day-old biofilms were collected
and washed (3X) by dipping into chilled sterile milli-Q water
to discard non-adherent cells. Washed slides were transferred
to a new 6-well microplate and 1 mL of TRIzol reagent was
added per well for biofilm detachment (using a cell scraper)
and cellular lysis. Twelve glass slides were processed with TRIzol
in each biofilm formation experiment, and the corresponding
aqueous phases (containing the RNA) were pooled in the
isopropanol precipitation step to get a single extract of biofilm
RNA per strain. A cell detachment efficiency of 100% was
determined by microscopic observation of TRIzol-processed
slides that were randomly chosen and stained with a CV
solution (1% w/v). Concentration and quality (A260/A280 ratio)
of total RNA preparations were determined using a Nanodrop R©
ND-1000 spectrophotometer (Thermo Fisher Scientific). All
formaldehyde-agarose gel electrophoresis were performed as
described by Rosen and Villa-Komaroff (1990), including a
ssRNA ladder in each electrophoresis (0.5–9.0 Kb; New England.
Biolabs, MA, USA).
The synthesis of complementary DNA (cDNA) was done
with the ImProm-IITM Reverse Transcription System using 100
ng of DNase-treated RNA (TURBO DNA-freeTM kit, Applied
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Biosystems, Austin, TX, USA) and reverse primers of six primer
sets (Supplementary Table 1) designed for RT-qPCR of genes
encoding putative virulence factors. The locus tags of these
genes in F. psychrophilum strain JIP02/86 are as follows: FP0063,
FP0097, FP0232, FP0595, FP1830, and FP2019. Primer sets were
designed using the software Primer3 (version 4.0.0, Rozen and
Skaletsky, 2000) and Beacon DesignerTM (free edition) to check
for primer secondary structures. The specificity of these primers
was confirmed by cloning randomly selected amplicons using the
pGEM R©-T Easy Vector System (Promega, Madison, CA, USA),
and the sequencing was carried out by Macrogen Inc. (Seoul,
Korea). The clone sequences were stored in the GenBank public
database with the access numbers KX600517 to KX600523. In
addition, 16S rRNA gene transcripts of F. psychrophilum were
quantified by RT-qPCR with the specific primer set Fp_16S1_fw
(5′-GAGTTGGCATCAACACAC-3′) and Fp_16Sint1_rev (5′-
TCCGTGTCTCAGTACCAG-3′) (Orieux et al., 2011).
All RT-qPCR were carried out on a volume of 16µL
containing 1µL of cDNA, 2X Brilliant II SYBR R© Green QPCR
Master Mix (1X final concentration; Agilent Technologies-
Stratagene, La Jolla, CA, USA), forward and reverse primers
(1µM, final concentration; Supplementary Table 1), and ROX
as a passive reference dye (20 nM, final concentration; Agilent
Technologies). The qPCR program consisted of the following
steps: initial denaturation (3 min at 95◦C), then 40 amplification
cycles (30 s at 95◦C), followed by 45 s annealing at 52◦C (for
FP0097, FP0232, and FP1830 genes) or 55◦C (for FP0063,
FP0595, FP2019, and 16S rRNA genes), and 45 s extension
at 72◦C. Clone sequences obtained in this study (KX600517
to KX600523) were used for absolute gene quantification by
preparing 7-point standard curves (in triplicate) via 10-fold
dilution series from 4 × 106 copies. The efficiencies (E%) and
correlation coefficients (r2) for standard curves were: FP0063
(E% = 95.4–98.8, r2 = 0.993–0.998), FP0097 (E% = 88.1–97.5,
r2 = 0.920–0.993), FP0232 (E% = 84.5–92.5, r2 = 0.808–0.996),
FP0595 (E% = 94.4–96.5, r2 = 0.990–0.999), FP1830 (E% = 92.7–
93.4, r2 = 0.998–0.999), FP2019 (E% = 99.1–99.8, r2 = 0.921–
0.957), and 16S rRNA gene (E% = 93.7–96.1, r2 = 0.898–0.992).
All RT-qPCR assays were performed using a StratageneMx3000P
real-time PCR device (Agilent Technologies-Stratagene) and the
data were analyzed using the software MXPro (version 4.10;
Agilent Technologies).
RNA-Seq and Data Processing
Next-generation sequencing libraries were prepared in the
AUSTRAL-omics Laboratory (Universidad Austral de Chile)
starting from total RNA samples extracted from the LM-02-
Fp and NCMB1947T strains grown under biofilm (on glass
slides) and planktonic conditions as previously described. Each
of these samples corresponded to a mixture of total RNA
samples derived from four independent experiments that were
mixed at the same concentration. RIN scores of the total RNA
samples were determined on an Agilent Bioanalyzer using the
RNA 6,000 Nano kit in accordance with the manufacturer’s
instructions (Agilent Technologies, CA, USA). We tried different
hybridization-based kits for rRNA depleting in the total RNA
samples, namely: RiboMinusTM Transcriptome Isolation Kit
(for Yeast and bacteria; Invitrogen, CA, USA), Ribo-ZeroTM
rRNA Removal Kit (for bacteria; Epicentre, WI, USA) and
MICROBExpressTM Bacterial mRNA Enrichment Kit (Ambion,
Thermo Fisher Scientific, NY, USA). However, efficient depletion
was achieved only when hybridization probes from the three kits
were combined and used in two-rounds of depletion as part of
the MICROBExpressTM Kit protocol. In addition, ssRNA (<100
nt) and dsRNA (<200 bp) were removed using theMEGAclearTM
Kit (Ambion) in accordance with themanufacturer’s instructions.
Agilent Bioanalyzer profiling of the depleted samples confirmed
the efficiency of the rRNA depletion procedure. Briefly, the
libraries were generated using the KAPA Stranded mRNA-
Seq Kit for Illumina platforms following the manufacturer’s
instructions (Kapa Biosystems Inc., MA, USA), and each library
was tagged with a specific barcode that allowed sequencing of
pooled libraries. The average size of the library fragments was
determined by running the libraries on a Fragment AnalyzerTM
system (Advanced Analytical Technologies, IA, USA) and using
the DNF-479 Standard Sensitivity NGS Fragment Analysis Kit.
Library concentrations were determined on a LightCycler R©
Nano Real-Time PCR instrument (Roche Diagnostics, GmbH)
using the KAPA Library Quantification Kit for Illumina
platforms (Kapa Biosystems, Inc.) in order to normalize their
concentrations at 10 nM. Libraries were pooled in an equimolar
ratio using a protocol for denaturing and diluting libraries
from MiSeq System, and then loaded (at 12 pM with 1%
PhiX, final concentration) on an Illumina MiSeq instrument
(Illumina, San Diego, CA, USA) to generate paired-end reads
using the v2 MiSeq chemistry with the longest read length set
at 2 × 150 bp, according to the manufacturer’s instructions.
RNA-Seq data were deposited in the European Nucleotide
Archive (ENA) under study number PRJEB14670 for planktonic
(ERS1231641, ERS1231642) and biofilm samples (ERS1231643,
ERS1231644).
Technical sequences (e.g., adapters) were removed and quality
trimming was done using Trimmomatic (Bolger et al., 2014)
and PRINSEQ (Schmieder and Edwards, 2011), respectively,
and discarding bases (or sequences) with Phred quality
scores lower than 30. Genes were extracted from a reference
genome, F. psychrophilum strain JIP02/86 (NCBI accession
number NC_009613.3), using the “gffread” option in BedTools
(Quinlan and Hall, 2010) to generate a transcript fasta
file with the coordinates of all genes in the genome. The
high-quality reads were mapped to these genes using the
Burrows-Wheeler Alignment tool (Li and Durbin, 2009),
which creates “.bam” output files. The number of sequence
reads per gene for each “.bam” file was computed using
the “multiBamCov” option in BedTools and the transcript
fasta file. The functional annotation of high-quality reads was
done using Blast2GO software (Conesa et al., 2005) based
on the BLAST algorithm and GO annotations for the hit
sequences.
Data Analysis
RT-qPCR data were normalized by the total RNA
concentration of a given sample and log2 transformed for
making comparisons. Normalized RT-qPCR counts were
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also used to compute the log2-fold change (-FC) ratio
between biofilm and planktonic states. The lower and
upper thresholds for changes were equal to 4 (i.e., log2-
FC ratio ≥ 2) and 0.25 folds (i.e., log2-FC ratio ≤ −2) for
upregulated and downregulated genes in the biofilm state,
respectively.
High-quality read sequences were total count (TC)
normalized (Dillies et al., 2012) and log2 transformed to
visualize the global changes in gene expression by the heatmap.2
function in the R’s gplots package (Version 3.0.1; Warnes et al.,
2013)3. Cluster analyses were performed using the Manhattan
index of distance and UPGMA linkage clustering. The columns
were Z-score scaled for visualization purposes. To evaluate
confidence in the clustering results, an approximately unbiased
(AU) P-value was computed after re-sampling 10,000 times. The
AU P-value is less biased than the bootstrap probability value
computed by ordinary bootstrapping (version 2.0-0; Suzuki
and Shimodaira, 2006)4. In addition, differentially expressed
genes (DEGs) between the biofilm and planktonic states were
identified using the DESeq2 package (Love et al., 2014). To
do so, read counts from the biofilm and planktonic states
were separately normalized using TMM normalization of the
edgeR Bioconductor package (Robinson et al., 2010), and then
simultaneously processed with DEseq2. The lower and upper
thresholds for changes were also 4 (log2-FC ≥ 2) and 0.25 folds
(log2-FC ≤ −2) for upregulated and downregulated genes in
the biofilm state, respectively, and with Padj-values of 0.001 or
less.
RESULTS
Flavobacterium psychrophilum Biofilm
Development
The biofilm analyses indicated that F. psychrophilum LM-02-Fp
and NCMB1947T were, respectively, the strongest and weakest
biofilm producers among the evaluated strains (Supplementary
Figure 1). Overall, biofilm formation tended to diminish toward
96 h for all strains, except for strain LM-02-Fp that showed
the opposite tendency (Supplementary Figure 1). The LM-02-
Fp biofilms were characterized by initial cell attachment and
microcolony formation in the course of the first 48 h, and
visualization of the first cellular aggregates at 72 h (Figure 1A).
This strain showed maximum biofilm formation between 96
and 120 h (mature biofilm), including a maintenance period
between ca. 144 and 168 h that was followed by cell detachment
(Figures 1A,C). Cell detachment was significant but not total
after 192 h and adherent cells were still detectable at 268 h
(Figures 1A,C). The NCMB1947T biofilms followed a different
development pattern of the strong-biofilm producer. The initial
adherence and growth of the NCMB1947T strain (within the
first 48 h) were immediately followed by a maintenance period,
without an apparent maturation stage (Figures 1B,C), and with
only a few microcolonies detected during the entire study
period (Figure 1B). Cell detachment started at approximately
3https://cran.r-project.org/web/packages/gplots/index.html
4https://cran.r-project.org/web/packages/pvclust/index.html
144 h, being significant (but slow and not complete) after 168 h
(Figures 1B,C).
Four-day-old biofilms formed by the LM-02-Fp strain
consisted of cell multilayers that were embedded in a three-
dimensional EPS matrix composed of N-acetyl sugars as
suggested by staining with fluor-conjugated WGA (Figure 2A).
However, the EPS signature was not detectable with FITC-
conjugated ConA. The EPS signature was also detectable with
fluor-conjugatedWGA (but not with FITC-conjugated ConA) in
NCMB1947T biofilms at 96 h (Figure 2B).
SCLM of Mature Biofilms and Enzymatic
Profiles
Four-day-old biofilms of F. psychrophilum LM-02-Fp had an
average thickness of 7µm, with living cells found mostly in the
deeper and intermediate layers of biofilms, and dead (and/or
inactive) cells in the upper layers (Figure 2C). Image analyses
indicated that living cells accounted for 43 ± 7% (±SD) of
the total biofilm cells whereas the remainder cells were inactive
and/or dead. Higher and variable percentages of living cells (56
± 28%) were determined by LIVE/DEAD staining from detached
cell samples at 96 h. In addition, living cells accounted for 79 ±
11% of the planktonic cells on LM-02-Fp biofilms at 96 h, and
their culturability on TYES agar plates was not lost before 222
± 23 h, although their concentrations (as a CFU) were decreased
by at least one order of magnitude as compared with the initial
inocula after 48 h incubation (data not shown). The LM-02-
Fp strain showed 5 enzymatic activities (alkaline phosphatase,
esterase C4, leucine arylamidase, acid phosphatase, and naphthol
phosphohydrolase) that were clearly detectable in biofilm and
planktonic states at 96 h, although only esterase and acid
phosphatase activities showed differences between states, with
their corresponding colorimetric reactions being more intense in
biofilm cells (data not shown).
Four-day-old biofilms of the NCMB1947T strain were mostly
composed of living cells (91 ± 2.8%) as revealed by image
analyses (Figure 2D), although a lower and variable percentage
of living cells (78 ± 28%) was determined by LIVE/DEAD
staining from detached cell samples at 96 h. These biofilms
were basically arranged in a cell monolayer (with a thickness of
ca. 1µm) on the glass slides (Figure 2D), and their respective
supernatants also contained a significant fraction of living
cells (80 ± 10%). The loss of culturability of planktonic cells
surrounding the NCMB1947T biofilms was observed at 147 ±
37 h, although their concentrations (as a CFU) were also at least
one order of magnitude lower than the initial inocula after 48 h
incubation (data not shown). The NCMB1947Tstrain showed the
same 5 aforementioned enzymatic activities in the biofilm and
planktonic states at 96 h, with similar detection intensities among
states, excepting for esterase activity, which was more evident by
colorimetric detection in biofilm cells (data not shown).
Global Changes in Gene Expression by
RNA-seq and RT-qPCR Contrasting
The transcriptomes of F. psychrophilum NCMB1947T and LM-
02-Fp were composed of high-quality reads for a total of 2327
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FIGURE 1 | F. psychrophilum biofilm production. (A) Strong and (B) weak biofilms produced by the LM-02-Fp and NCMB1947T strains, respectively (1000X
magnification). (C) Different biofilm development stages as determined by the specific biofilm formation index. Results are representative of three independent
experiments.
genes in biofilm and planktonic states. Cluster analysis showed
that the transcriptomes were significantly grouped by state rather
than by strain (AU P > 90), indicating important differences
among states instead of among strains (Figure 3). Thus, the
fold-change (FC) of gene expression levels between states was
computed regardless of the strain, and the effects of inter-strain
variation were reduced by considering only genes with log2-FC
values ≤ −2 and ≥ 2 and Padj-values ≤ 0.001 as DEGs (see
Materials and Methods). A total of 222 and 187 genes were
significantly downregulated (log2-FC ≤ −2) and upregulated
(log2-FC ≥ 2), respectively, in the biofilm state (Figure 3).
The remaining genes (n = 1918, i.e., ∼82% of total genes in
F. psychrophilum transcriptomes) were considered non-DEGs
between biofilm and planktonic states (Figure 3).
The transcriptional level of six specific genes encoding
putative virulence factors was determined by RT-qPCR in 4-day-
old biofilms and their corresponding supernatants (Figure 4).
These assays revealed that five genes (including the 16S rRNA
gene) were expressed in a ratio of nearly 1 to 1 between the
biofilm and planktonic phases (Figures 4A,B), and therefore
can be considered as non-DEGs, along with the FP0063 gene
(Figure 4C). The FP0063 gene was undetectable in NCMB1947T
biofilms (Figure 4A) and slightly downregulated in LM-02-Fp
biofilms compared with the FP0097 gene (Figures 4B,C). The
gene transcription levels determined by RT-qPCRwere expressed
as a FC of expression levels between biofilm and planktonic states
without distinction of the strain, and then compared with those
estimated by RNA-Seq. The results indicated that the general
trend in gene expression for specific genes was similar between
RT-qPCR and RNA-Seq (Figure 4D).
Virulence- and Biofilm-Related Genes
(VBRGs) in Biofilm and Planktonic States
Differentially expressed VBRGs were associated with the
polysaccharide biosynthesis, signal integration via a two-
component system, motility, adhesion, proteolysis, membrane
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FIGURE 2 | SCLM micrographs displaying the EPS matrix and
3D-structure of 4-day-old biofilms. The EPS matrix in (A) LM-02-Fp and
(B) NCMB1947T biofilms as detected by WGA lectin. The embedded cells in
the EPS matrix were stained with DAPI staining and depicted in orange solely
for visualization purposes. (C) LM-02-Fp and (D) NCMB1947T biofilms stained
with LIVE/DEAD reagent. The scale bar on the micrographs denotes a size of
10µm. Results are representative of three independent experiments.
drug transport, and horizontal gene transfer. Particularly,
VBRGs with roles in polysaccharide biosynthesis, horizontal
gene transfer, adhesion, sensory mechanisms, and membrane
transport, were all, or most of them, significantly upregulated
in the biofilm state, and represented 5.1, 8.5, 13.6, 16.9, and
25.4% of the total number of VBRGs, respectively (Table 1
and Figure 5). Conversely, all motility-related genes were
significantly downregulated in the biofilm state, and represented
10.2% of total VBRGs (Table 1 and Figure 5). Only about 33%
of proteolysis-related genes was significantly upregulated in the
biofilm state, and all of these represented 15.3% of total VBRGs
(Table 1 and Figure 5). In addition, genes FP2536 and FP2534
encoding a transposase belonging to the ISNCY family and a
putative transposase, respectively, are VBRGs that were only
detected in the planktonic state.
DISCUSSION
All F. psychrophilum strains showed a variable capacity to
form biofilms on non-living surfaces (Supplementary Figure
1), with remarkable differences between the LM-02-Fp and
NCMB1947T strains. This ability was a strain-dependent trait
as in the case of other species of Flavobacterium (Basson et al.,
2008). The LM-02-Fp strain showed four biofilm formation
phases on polystyrene and glass surfaces, with a mature biofilm
stage (i.e., cell multilayers with maximum biomass) reached
between 96 and 120 h (Figures 1A,C, 2C). Previous works have
reported (based on analysis of one or a few points in time)
significant levels of biofilm formation by F. psychrophilum after
4–5 days of incubation (Álvarez et al., 2006; De la Fuente
et al., 2013; Castillo et al., 2015), including the formation of
dense cell aggregates by the NCMB1947T strain on polystyrene
microplates (Sundell and Wiklund, 2011). In our case, the
NCMB1947T strain did not show a perceptible maturation stage
(compared to the LM-02-Fp strain) with significant formation of
microcolonies (Figures 1B,C), and only formed a monolayered
biofilm (Figure 2D). Our results suggest the presence of
significant amounts of N-acetyl sugars (mostly N-acetyl-D-
glucosamine as suggested by genomic information; (Duchaud
et al., 2007)) in the EPS matrix of F. psychrophilum biofilms
(Figures 2A,B). The main source of N-acetyl sugar components
in the EPS matrix may have been WGA-binding OmpA-family
proteins (Merle et al., 2003; Duchaud et al., 2007), and that
can trigger a humoral response in rainbow trout (Dumetz
et al., 2007). In addition, upregulation of a MFS permease
gene (FP0573) in the biofilm state, along with three genes
encoding polysaccharide biosynthesis-related proteins (FP1244,
FP2036, and FP245; Table 1), is suggestive of active secretion
of polysaccharides through membrane for biofilm formation.
In fact, membrane-associated MFS transporters have previously
been linked to the transport and secretion of EPS components
in F. johnsoniae (Flemming, 2010). Polysaccharides are key
structural components in biofilms of F. columnare (Cai et al.,
2013), Vibrio salmonicida (Hansen et al., 2014), Piscirickettsia
salmonis (Marshall et al., 2012), among other bacterial fish
pathogens, and contribute directly to the biofilm emergent
properties (Flemming et al., 2016). However, the polysaccharide
composition of EPS matrix in F. psychrophilum biofilms is so far
unknown.
Our results also indicate that F. psychrophilum requires several
putative adhesins to form biofilms, along with the overexpression
of FP0546 gene that encodes a protein precursor belonging to the
OmpA family. It is likely that the active protein product of the
FP0546 gene and some other upregulated adhesins (Table 1) are
WGA-binding glycoproteins with N-acetyl sugar modifications.
Indeed, some glycoproteins and OmpA-family proteins may
participate in modulation of the adherence and pathogenicity
in F. psychrophilum (Dumetz et al., 2007, 2008) and other
fish-pathogenic bacteria such as F. columnare (Laanto et al.,
2014). In addition, two putative adhesins were encoded by non-
DEGs (FP0595 and FP183; Figures 4C,D), suggesting that these
proteins may have a similar adhesion function in biofilm and
planktonic states. Only three genes encoding putative adhesins
were significantly downregulated in the biofilm state, among
them, the sprC gene (Table 1) associated with glidingmotility and
chemotaxis (Duchaud et al., 2007). This result contrasts with a
study of differential expression using F. johnsoniae strains grown
under different substratum (Flemming, 2010), where a sprD-
like gene was upregulated in biofilm rather than agar surface-
associated phase.
All genes related to gliding machinery were significantly
downregulated in the mature biofilm state compared to the
planktonic state (Table 1 and Figure 5). Studies based on
F. psychrophilum mutants that lack gliding motility have
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FIGURE 3 | Global shift patterns in gene expression of F. psychrophilum strains grown in biofilm and planktonic states. Four-day-old biofilms were
compared with free-living cells from 2-day-old cultures (see methodological considerations). The upper dendrogram shows strain clusters according to the growth
phase (AU P > 90), while dendrogram on the left shows clusters encompassing genes with similar log2-TC normalized counts. The bulk fraction of genes, in blue (n =
1918 genes), did not show differential expression between the biofilm and planktonic states. This fraction includes (i) common genes (n = 1771) with log2-FC values
between > −2 and <2, (ii) genes with log2-FC values ≥ 2 (n = 54) and ≤ −2 (n = 41) but with Padj-values > 0.001, and (iii) genes whose transcription was only
detected in biofilm (n = 2) or planktonic state (n = 50). The remaining genes were significantly (Padj-value ≤ 0.001) downregulated (in yellow; n = 222, log2-FC ≤ −2)
or upregulated (in purple; n = 187, log2-FC ≥ 2) in the biofilm state.
demonstrated that the acquisition of a non-motile phenotype
is not only associated with enhanced biofilm production, but
also with loss of extracellular protease activity and other
virulent properties (Álvarez et al., 2006; Pérez-Pascual et al.,
2015). In turn, mutations in the genes encoding proteolytic
enzymes, such as the fpp2 gene, can cause a hyper-gliding
phenotype in this bacterium (Pérez-Pascual et al., 2011). In the
present study, the FP0231 and FP0232 genes, which encode
two of the better characterized extracellular proteolytic enzymes
(Fpp1 and Fpp2, respectively; Secades et al., 2001, 2003), were
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FIGURE 4 | Expression analysis of specific genes in biofilm and planktonic states. RT-qPCR data from 4-day-old biofilms were compared against their
respective planktonic counterparts for the (A) NCMB1947T and (B) LM-02-Fp strains. Symbols represent averages from three independent experiments. Open circles
indicate putative adhesins encoded by the FP0595 and FP1830 genes (1 and 2, respectively). The diagonal dashed lines indicate a perfectly linear relationship (1:1
ratio) between biofilm and planktonic RT-qPCR data. (C) Fold change (FC) ratios for specific genes computed from biofilm and planktonic RT-qPCR data. A FC value
was not computable for asterisk-labeled genes in the NCMB1947T strain as these were only detected in the planktonic state. (D) RT-qPCR- vs. RNA-Seq-based FC
for specific genes in black and white bars, respectively. Significant FC values derived from RNA-Seq data are indicated by stars on white bars (Padj-value ≤ 0.001).
Log2-FC values ≥ 2 and ≤ −2 in (C,D) indicate upregulated and downregulated genes in the biofilm state, respectively.
identified as non-differentially expressed by RNA-Seq and RT-
qPCR (e.g., see FP0232 in Figures 4C,D). This agrees with
an earlier argument that both proteolytic enzymes can also
be involved in nutrition-like processes (Pérez-Pascual et al.,
2011), which could explain why both genes (FP0231 and
FP0232) had similar expressions in biofilm and planktonic states.
Among DEGs were several related to intracellular enzymes with
proteolytic function rather than extracellular proteases (Table 1).
Genes related to ATP-dependent protease complexes such as
Lon and Clp proteases were significantly downregulated in
the biofilm state. Clp protease is nonessential for growth in
most pathogens, but is necessary for virulence and replication
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TABLE 1 | Differentially expressed genes encoding possible virulence- and biofilm-related proteins in F. psychrophilum NCMB1947T and LM-02-Fp.
Category Gene
symbol
Locus tag* Description Log2 FC
(Padj-value ≤ 0.001)
Polysaccharide
biosynthesis proteins
FP1244 FP1244 Sugar transferase 2.27
FP2036 FP2036 Probable transmembrane protein of unknown function (putative
exosortase)
4.18
FP2451 FP2451 Probable polysaccharide biosynthesis protein 2.78
Sensory mechanisms porX FP1066 Probable two-component system response regulatory protein
containing PglZ domain PorX
−2.03
FP1405 FP1405 Two-component system sensor histidine kinase 2.58
FP1516 FP1516 Two-component system sensor histidine kinase 2.47
FP1523 FP1523 Two-component system response regulatory protein 2.66
FP1688 FP1688 Probable two-component system sensory protein 2.79
FP1694 FP1694 Probable sigma-54 dependent two-component system response
regulatory protein
2.21
rprY FP1826 Two-component system response regulatory protein RprY −2.54
FP1944 FP1944 LemA family protein (related to two-component system proteins) −2.95
FP2071 FP2071 Two-component system response regulatory protein, LuxR family −2.06
porY FP2349 Two-component system sensor histidine kinase PorY 2.03
Motility remF FP0012 Gliding motility protein RemF precursor −2.80
remG FP0013 Gliding motility protein RemG precursor −3.94
gldJ FP1389 Gliding motility lipoprotein precursor GldJ −2.64
gldN FP1970 Gliding motility protein precursor GldN −3.58
gldM FP1971 Gliding motility transmembrane protein GldM −3.45
gldL FP1972 Gliding motility transmembrane protein GldL −3.58
Putative adhesins and
adhesion-related proteins
sprC FP0014 Putative adhesin precursor SprC −2.29
FP0139 FP0139 Probable outer membrane protein precursor, OmpA family −3.30
FP0156 FP0156 Outer membrane protein precursor; OmpA family P60 −5.22
FP0546 FP0546 Probable outer membrane protein precursor, OmpA family 2.37
FP1499 FP1499 Protein of unknown function precursor; putative adhesin 2.44
FP1661 FP1661 Protein of unknown function precursor; putative adhesin 2.16
FP1662 FP1662 Protein of unknown function precursor; putative adhesin 2.26
FP2244 FP2244 Protein of unknown function precursor; putative adhesin 3.42
Proteolysis FP0463 FP0463 Probable membrane associated S41A family C-terminal processing
peptidase
2.78
FP0886 FP0886 Probable S41 family peptidase precursor 2.04
FP1003 FP1003 Probable S41 family peptidase 2.36
clpS FP1679 ATP-dependent Clp protease adaptor protein ClpS −2.32
clpX FP2084 S14 family, ATP-dependent Clp protease ATP-binding subunit −2.64
clpP FP2085 S14 family, ATP-dependent Clp protease proteolytic subunit −2.02
clpA FP0747 ATPase with chaperone activity ATP-binding subunit (Clp protease
component)
−2.08
lon FP1714 S16 family, ATP-dependent endopeptidase La −2.48
clpB FP1765 ATPase with chaperone activity ATP-binding subunit (Clp protease
component)
−2.52
Membrane transport FP0351 FP0351 Probable drug/metabolite-transporting permease 2.50
FP0420 FP0420 Probable outer membrane efflux protein precursor 2.25
FP0503 FP0503 Probable membrane fusion efflux protein −2.76
FP0504 FP0504 Probable outer membrane efflux protein precursor −2.32
(Continued)
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TABLE 1 | Continued
Category Gene
symbol
Locus tag* Description Log2 FC
(Padj-value ≤ 0.001)
phuR FP0522 Probable TonB-dependent outer membrane hemin receptor precursor
PhuR
3.11
fsr FP0573 Major facilitator superfamily (MFS) permease. Fosmidomycin resistance
protein
2.52
norM FP0569 Multidrug resistance protein norM (Na+/drug antiporter) 2.59
FP0932 FP0932 Probable multidrug resistance protein. AcrB/AcrD/AcrF family protein 3.25
FP1463 FP1463 Probable ABC-type iron(III)-transport system, binding lipoprotein
precursor component
2.31
FP1464 FP1464 Probable ABC-type iron(III)-transport system, permease component 4.08
FP1809 FP1809 Probable multidrug resistance protein. AcrB/AcrD/AcrF family protein 5.73
FP1810 FP1810 Probable membrane fusion efflux lipoprotein precursor 5.49
FP1811 FP1811 Probable outer membrane efflux protein precursor 4.95
FP0645 FP0645 Probable TonB-dependent outer membrane siderophore receptor
precursor
2.77
tonB FP2207 Protein TonB −2.82
Horizontal gene transfer FP1391 FP1391 Putative transposase 4.42
xerD FP2020 Tyrosine recombinase XerD 2.62
FP2539 FP2539 Transposase ISL3 family 4.23
FP2569 FP2569 Transposase IS1182 family 3.07
FP2570 FP2570 Transposase IS1182 family 4.82
Others fmo FP0097 Flavomodulin −2.08
FP1731 FP1731 Esterase/lipase/thioesterase family protein precursor 5.34
FP2173 FP2173 Putative virulence-associated protein E (VapE) 7.22
A fold change (FC) value for a given gene will be positive or negative if the gene is upregulated or downregulated in the biofilm state, respectively. Note that upregulated and downregulated
genes in the biofilm state are, in turn, downregulated and upregulated genes in the planktonic state, respectively.
(*) Locus tags according to the genome of F. psychrophilum strain JIP02/86.
during infection (Raju et al., 2012). On the other hand, genes
FP0463, FP0886, and FP1003, which encode S41 endopeptidases,
were significantly upregulated in the biofilm state (Table 1).
It has been demonstrated that the protein product of the
MMCAP2_0241 gene, an S41 endopeptidase, confers the
proteolytic phenotype to one of the most virulent mycoplasma
species (Allam et al., 2012), and although there is low
sequence similarity between genes FP0463/FP0886/FP1003 and
MMCAP2_0241 (52–55% identity), a role of the first three genes
in the virulence of F. psychrophilum should not be discarded
without empirical evidence.
Completely sequenced genomes of F. psychrophilum indicate
the presence of quorum-sensing-related genes encoding LuxR-
like proteins, but not LuxI homologs2. Nonetheless, it is well-
known that LuxR “Solos” (i.e., LuxR-like receptors that lack a
cognate LuxI-like synthase) can also respond to ligands other
than AHLs (Venturi and Ahmer, 2015). We identified two luxR
“Solos” in our transcriptomes, one of them being classified as
non-DEG (FP0715) and another significantly downregulated in
the biofilm state (FP2071, Table 1). In agreement with these
results and earlier findings (Bruhn et al., 2005), AHL-like
molecules in cell-free culture supernatants were not detected
by GC-MS (Supplementary Figure 2). These results suggest that
expression of the putative transcription factors encoded by luxR
“Solos” are not directly involved in biofilm formation by F.
psychrophilum. In addition, 10 two-component system (TCS)
related genes were found to be differentially expressed (Table 1),
six of which were significantly upregulated in the biofilm state,
including the FP1516 gene, which has been related to the control
of biofilm formation in F. psychrophilum (Hesami et al., 2011).
TCSs seem to be common in many fish-pathogenic bacteria
(Guijarro et al., 2015) and hence the development of mutants
for TCS-related genes will provide valuable insights into their
roles in extracellular signal transduction and biofilm formation.
We suggest that plankton-to-biofilm transition, and vice versa,
could be modulated by a molecular mechanism based on a two–
component phosphorylation cascade triggered by environmental
stimuli other than AHL-like autoinducers, for instance, nutrients
like iron. It has been suggested that F. psychrophilum is deficient
in biofilm formation under iron-limiting conditions (De la
Fuente et al., 2013), which is consistent with the overexpression
of gliding machinery genes under such conditions (LaFrentz
et al., 2009; Pérez-Pascual et al., 2009), since motility and biofilm
formation are antagonistic traits in this bacterium (Álvarez
et al., 2006; this study). Interestingly, two genes encoding
iron transport-related proteins were significantly upregulated
in the mature biofilm state (FP1463 and FP1464, Table 1),
being probably responsible for the acquisition of this element
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FIGURE 5 | Percentage of putative virulence- and biofilm-related genes (VBRGs) of F. psychrophilum LM-02-Fp and NCMB1947T and biological
function. Differentially expressed VBRGs (in black) for a given biological function include upregulated (in blue) and downregulated genes (in red) in the biofilm state.
These genes are expressed as a percentage of the total VBRGs (Table 1) along the axis that starts at the center of the plot. In addition, upregulated VBRGs in a given
biological function are expressed as a percentage of differentially expressed VBRGs within the same functional category and shown in parentheses.
under our (iron-nonlimiting) conditions. In contrast, TonB-
dependent receptors (e.g., siderophores, Table 1) appear to play a
minor role in the active transport across the membrane under
sessile and iron-nonlimiting conditions, since the tonB gene
was significantly downregulated in the biofilm state (FP2207,
Table 1). Nevertheless, this result should be interpreted with
caution, as TonB activity has been shown to be associated with
biofilm production in other bacteria based on tonBmutants (e.g.,
Abbas et al., 2007).
Flavobacterium psychrophilum can acquire virulent genes
from phylogenetically unrelated bacteria. For instance, it has
been proposed that gene fmo, which encodes a pore-forming
toxin known as flavomodulin (downregulated in the biofilm state,
Table 1), is product of a horizontal gene transfer event from a
Gram-positive bacterium (Dumetz et al., 2008). Some virulent
strains of F. psychrophilum (Castillo et al., 2016) possess genomic
islands that carry genes associated with toxins, drug resistance,
and putative virulence factors such as virulence-associated
protein E (VapE). Here, a vapE-like gene was significantly
upregulated in the biofilm state (FP2173, Table 1). In addition,
we identified one integrase (tyrosine recombinase XerD), one
putative transposase (FP1391), and three transposases (namely,
a ISL3 transposase and two IS1182 transposases) whose
respective coding genes were all significantly upregulated in the
biofilm state (Table 1 and Figure 5). In contrast, a transposase
belonging to the ISNCY family (FP2536) and other putative
transposase (FP2534) were only detected in the planktonic state,
suggesting that a different set of transposases modulate gene
transposition in the biofilm vs. planktonic state. Our results
support the idea that spatial organization of biofilms facilitates
horizontal gene transference and drug resistance via cell-to-cell
communication. In fact, the simultaneous upregulation of five
genes encoding proteins with a function related to antimicrobial
drug transport through membrane (i.e., FP0351, fsr, norM,
FP0932 and FP1809 genes; Table 1) could explain the rapid
development of drug resistance in F. psychrophilum biofilms
reported in an earlier study (Sundell and Wiklund, 2011). This
may also be associated with the high levels of resistance to
oxytetracycline, florfenicol, and oxolinic acid existing among
Chilean isolates of F. psychrophilum (Henríquez-Núñez et al.,
2012). Therefore, F. psychrophilum biofilms may be related to
bacterial persistence under stressful conditions, as well as to the
recurring infections caused by continuous exposure of target
fish.
We have presented evidence indicating that F. psychrophilum
strains that produce different biofilm phenotypes deploy a
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global transcriptional response in the mature biofilm state
that differs substantially from their planktonic counterparts,
but not among different strains. It has been suggested that
F. psychrophilum changes from a virulent less-adherent free-
living state to a non-virulent biofilm state, and vice versa.
Conversely, we found that different biofilm phenotypes produced
by different strains share a genetic potential for virulence
that is transcriptionally enhanced with respect to free-living
cells. In this context, F. psychrophilum biofilms act as an
effective reservoir of putative virulence factors, and therefore
are a factor that could explain how this bacterium triggers
sudden BCWD/RTFS outbreaks in salmonid farms that are
not explained by lack of staff training and/or adequate
management.
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